Long-range interaction has been reported to be limited in space within a few degrees. Here, we present a new type of interaction by means of a bilateral configuration using two Gabor signals (GSs). Two horizontally oriented GSs, the first defined as a cue and the second as a probe, appeared in the right and left peripheral visual fields in mirror symmetrical regions. The detection threshold of the GS probe was found to decrease significantly up to cue-probe separations of 10 degrees tested. Since the interaction was sensitive to symmetrical locus, as well as specific to the direction of the horizontal axis, the results suggest novel long-range interaction extending toward the periphery with a mirror-symmetrical configuration. This may be acquired by neuronal communication, which directly connects bilateral receptive fields in the right and left visual cortices.
Introduction
Early visual processing is discrete in space. The cortical field in the primal visual cortex (V1) can be segregated within a small area, usually referred to as the receptive field (RF), which is selectively tuned to a specific orientation and spatial frequency. Such local selectivity of units within the RF has been demonstrated both in neurophysiology (DeVlois, Albrecht, & Thorell, 1982; DeVlois & DeVlois, 1990; Hubel & Wiesel, 1968) and psychophysics (Blakemore & Campbell, 1969; Campbell & Robson, 1968; Wilson & Bergen, 1979) . Recent evidence has revealed that local field activities can interact in space. For example, responses of the cortical filter can be modulated by the activities of neighboring visual stimuli located adjacently. The sensitivity of detection was enhanced when oriented flanker and target Gabor stimuli were co-oriented and co-axial, consisting of a collinear configuration (Polat & Sagi, 1993 , 1994a , 1994b . Long-range interaction depends on distance. The facilitation of detection sensitivity (threshold reduction) was found at a flanker distance of three times the wavelength (k), which decreases with increasing distance and eventually disappears (Adini, Sagi, & Tsodyks, 1997; Polat & Sagi, 1993; Tanaka & Sagi, 1998a) . In other words, long-range interaction is limited in space within approximately a few degrees of the visual angle, which has been reported in many studies (Adini et al., 1997; Pavlovskaya, Sagi, Soroker, & Ring, 1997; Polat & Sagi, 1994b; Solomon, Watson, & Morgan, 1999; Tanaka & Sagi, 1998a; Zenger & Sagi, 1996, etc.) . Corresponding physiological evidence indicates that there is a neural basis for spatial interaction in the primary visual cortex (Kapadia, Ito, Gilvert, & Westheimer, 1995; Polat, Mizobe, Pettet, Kasamatsu, & Nocia, 1998; Polat & Nocia, 1996) .
While clear spatial limitations with lateral interaction have been reported in these studies, there is still possibility for even longer interactions. For instance, Barlow and Reeves (1979) were the first to empirically point out that the identification of symmetry in human vision involves some filtering process, i.e., an orientation process that operates detection of symmetrical distribution of feature detectors sensitive to local dot densities. The effective range 0042-6989/$ -see front matter Ó 2007 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2007.01. 024 was several degrees in periphery, suggesting global interaction that extended toward the periphery with a symmetry configuration. Barrett, Whitaker, McGraw, and Herbert (1999) found that discrimination of perfect mirror symmetry from imperfect ones can be effective in extra-foveal vision up to 10 degrees of eccentricity. Dakin and Watt (1994) modeled bilateral symmetry detection using discrete spatial filters based on the data from both Barlow and Reeves (1979) and Jenkins (1983) . The symmetry detection process was local according to Jenkins, which deteriorated in a narrow spatial bandwidth, and the correct percentage of detection was less than 80% within half a degree of the visual angle. Interestingly, the effective range almost doubled when symmetrical areas are aligned to the left and right horizontal axis direction (Jenkins, 1983) . Based on these data, Dakin and Watt (1994) concluded that an alignment measure is critical in symmetry detection and thus isotropic filtering is inadequate for this. Using the bandpass symmetrical patches embedded in noise, Dakin and Herbert (1998) estimated the size of the integration field in which a symmetrical structure could effectively be detected. They found an elongated region toward the vertical direction against the horizontal with a ratio of approximately two to one in which symmetrical detection was effective. Although all these studies suggest early stage filtering for symmetry detection that is elongated, it is unclear whether the long-range interaction demonstrated by Gabor lateral interaction found by Polat and Sagi (1993) is involved in symmetry detection, because these studies used texture that included various types of local connections as well as noise in almost the entire visual field.
In order to test whether Polat-Sagi long-range interaction was involved in symmetry detection, we devised an experimental setup in which only two local Gabor spatial filters were used. The first Gabor patch was defined as a Gabor probe and the second as a Gabor cue, which is usually located at a symmetrical location for the probe across the vertical meridian (see Section 2). We wanted to take a typical measurement of the detection threshold of the Gabor probe when the Gabor cue was presented either at symmetrical or asymmetrical positions. We were able to estimate the conventional long-range interaction of Polat and Sagi with this setup, which could possibly be extended toward the periphery. We could also test various local parameters such as positional jitter, orientation, and phase. Assuming that the symmetry detection process was global, meaning that vast visual areas were incorporated including the periphery, we predicted that long-range interaction that was specific to a symmetrical structure should be found, independent of conventional long-range interaction.
Our goal in this research, therefore, was to test such hypothetical symmetrical connections between the right and left loci across the vertical meridian, which consisted of mirror symmetry. Here, we report that there is indeed highly selective bilateral interaction across the vertical meridian, which is specific to the retinal position, orientation, phase, and axis direction of symmetry.
Methods

Display
Stimuli were presented as gray modulation on a 17-in. color monitor (Sony, Trinitron Multiscan 17se II, Tokyo, Japan) generated by a video board (Radeon 7200, ATI Technologies Inc., Ont., Canada) and hosted by a Pentium II MMX (Intel Inc. CA, USA) computer. The video format was 60-Hz non-interlaced, and the stimuli were presented in an area that extended to 768 · 768 pixels occupying 10.9 · 10.9 degrees of visual area. Gamma correction was applied using 8-bit lookup tables. The stimuli were viewed binocularly in a dark room at an observation distance of 100 cm. Subjects' heads were positioned in a chin-head rest to minimize both head motion (Eye Instruments, Handaya Co. Ltd. Tokyo, Japan) as well as eye torsion.
Stimuli
The stimuli consisted of two Gabor patches defined as a spatial luminance distribution described by:
The spatial location of GS is determined by x 0 and y 0 , the initial time by t 0 = 0, its duration by du, its orientation by h (in radius), its wavelength by k, and its temporal square pulse by T(t). The standard deviation of the Gaussian envelope is given by r. For the stimuli used in the experiment, x (=1/k) was four cycles per degree (cpd, r = k = 0.25 degree), which was kept constant. The luminance distribution of the entire visual field is described by
where I 0 is the average screen amplitude, and C c and C p are the cue and probe contrast. Two Gabor signals, GS c and GS p , were presented at the mirror symmetrical positions along the horizontal direction perpendicular to the vertical meridian, yielding x p = Àx c and y p = y c where (0, 0) was defined as the coordinate of the fixation spot at the center of the screen (Fig. 1) . We termed this the horizontal symmetry condition (1). Note that x p and y p were usually >0 (defined as left and lower sides, respectively). We also tested (2) the vertical symmetry configuration with x p = x c and y p = Ày c (axis direction, vertical) and (3) the diagonal symmetry configuration with x p = Àx c and y p = Ày c (axis direction, diagonal). The GSs were located on the virtual line 0.75 degree (3k) below the central fixation spot to avoid artifacts from the fixation (Fig. 1) . To control visual attention and eye fixation, a fixation spot (a central white circle, 60 cd/m 2 , a diameter of 0.34 degree) was always lit throughout the session. The cue amplitude in all experiments was 15.6% of the mean luminance amplitude (0.156I 0 ), and I 0 was 30 cd/m 2 .
Experimental procedure
A temporal two-alternative forced-choice (2AFC) paradigm was used. Each block consisted of approximately 50 trials, in which the signal amplitude of the cue and the cue-target distance were kept constant. Subjects kept fixated on a central fixation spot presented throughout the sessions. A trial sequence started as follows. Remaining fixated, subjects initiated the first blank interval with a key press where no stimulus except for fixation was presented. This was followed by the first stimulus interval (100 ms), the second blank interval, and the second stimulus interval (100 ms). The presentation of the probe was intermixed in either the first or the second stimulus interval. The display time (duration) for blank intervals was randomly changed between 500 and 1000 ms with a 17-ms bin to reduce possible temporal priming effects in the temporal two-interval forced-choice (2IFC) sequence (Tanaka & Sagi, 2000) . Each stimulus interval contained four peripheral crosses in each quadric peripheral field (size of 0.46 by 0.46 degrees with luminance of 60 cd/m 2 ) at an eccentricity of 7.2 degrees. The local orientation of the peripheral crosses was randomized between 0 and 90 degrees in each trial to reduce possible spatial attention effects on fixed cues. These cues reduced temporal uncertainty about the probe appearing particularly when cues or probes were in the periphery or when there were no cues. The observers indicated which stimulus interval, the first or the second, contained the probe (detection task). Auditory feedback by means of a keyboard bell was given for an erroneous response. The contrast detection threshold of the probe was determined using the staircase method in which the probe contrast (C p ) was increased by 0.1 log-units in trials following an erroneous response, and decreased by 0.1 log-units following three consecutive correct responses. A staircase sequence was terminated after eight amplitude reversals (a block of trials) and the geometrical mean of the last six reversal points was estimated as the threshold. The threshold elevation was calculated relative to the threshold of the probe GS in the absence of a cue GS (Ac = 0, non-cue condition). The initial probe amplitude (C p ) was set at 1.5 times the absolute threshold in an attempt to reduce the effect from previous blocks such as effects from adaptation or memory traces (Tanaka & Sagi, 1998b) . Each threshold was measured four to eight times and averaged. Standard errors were calculated as well.
Conditions and parameters
General description
Throughout the experiment, three conditions were tested, i.e., (1) noncue, (2) symmetry, and (3) asymmetry. As the contrast of the cue (C c ) under the non-cue condition was set to 0, only the probe was presented on one side of the visual field (right or left, depending on subjects), thus serving as a control. The eccentricities of the probe and cue were equal from the vertical meridian under the symmetry condition, which constituted the mirror symmetrical configuration. The orientation of the cue and probe GS was horizontal. The probe was presented either on the left or right of the visual field and the cue was presented on the opposite side in the mirror symmetrical location. This was counterbalanced across observers. We initially evaluated the observers' spatial attention in the visual field. A pilot experiment was carried out in which the locations of the cues and probes were randomly exchanged on each trial (swapped sessions). This was compared with the threshold with the cue and target locations fixed (fixed sessions). As the thresholds for the swapped and fixed sessions did not differ we used fixed cue and probe locations within sessions. The locations of the probes were counterbalanced between the right and left visual fields across sessions to avoid fixing the observers' attention to one side of the visual field throughout the experiments. Different probe eccentricities were tested in different sessions. The eccentricities ranged from 0 (spatially overlapped) to 20k. The cue under the asymmetry condition was always presented at an eccentricity of 0.5 degree (=2k) on one side from the vertical meridian, while the probe was presented on the opposite side with different eccentricities within sessions. The cue locations were counterbalanced across observers. There was no fixation spot when they overlapped. In most of the experiments, the cue and probe GSs were in phase (phase angle = 0 degree). To test various aspects of stimulus selectivity, orientation, phase of the cue as well as the direction of axis were manipulated in a following manner.
Testing orientation selectivity
To test orientation selectivity, different probe (cue) eccentricities were tested with the mirror symmetrical configuration using a cue orientation orthogonal to the probe (90 degrees = vertical). Next, different cue orientations were tested from 0 to 90 degrees to examine the bandwidth of orientation selectivity. Furthermore, different cue-probe orientation pairs of 0-0 (collinear), 45-45 (diagonal-parallel), 90-90 (vertical-parallel) , and 135-45 (diagonal-orthogonal) degrees were tested to test the configuration effect. The axis direction was horizontal and cue and probes were always in phase.
Testing phase selectivity
In the next session of experiment, different phase angles from 0, 45, 90, 135, and 180 (opposite phase) degrees were chosen for the phase experiment and tested in different sessions. The axis direction was horizontal and the cue-probe configuration was collinear.
Testing symmetry axis selectivity
In order to examine axis specificity, three symmetrical configurations were tested as previously described, i.e., (1) horizontal, (2) vertical, and (3) diagonal symmetries. In the vertical symmetry, the cue and probe were presented along a vertically oriented axis across the horizontal meridian, with the probe always presented either above or below within sessions, which were counterbalanced across observers. The collinear cue-probe configuration was used. The distance between the fixation center and the axis was 0.5 degrees. In the diagonal symmetry, the cue and probe were located at equal eccentricities having equivalent x and y coordinates, satisfying both top-bottom and right-left symmetries. Here, the probe was always presented on one side, above or below, within the session, which was counterbalanced across observers. We assumed that there were no differences between visual fields. The fixation spot was particularly small (0.1 degree of diameter).
Observers
Five participants (YT, TF, KY, SK, and TY) joined the experiments. They were recruited from the campus of the National Institute of Information and Communications Technology (NICT). YT was the first author who was aware of the purpose of the experiments (non-naïve), and the other four participants were naïve as to their purpose. Informed consent was acquired from all subjects following procedures that were in accordance with the 1964 Declaration of Helsinki, which was approved by the Ethical Committee of the National Institute of Information and Communications Technology. Visual acuity was measured at the beginning of the experiments with a routine clinical ophthalmologic method using an auto kerato-refractometer (KR-8100, Topcon, Japan). All observers were found to be free of pathology related to the senses or the nervous system, and had normal (TF, KY and TY) or corrected-to-normal visual acuity achieved by means of spectacles (YT and SK).
Results
Spatial interaction was tested throughout the experiments using two GSs positioned across the visual field. The contrast detection thresholds were measured for the GS probe with or without the cue presented on the opposite side of the visual field. We compared the symmetrical with the asymmetrical structure between the left and right visual field. Single probe detection (non-cue condition) was considered to be a baseline for all conditions.
Symmetry interaction in visual field
The detection of the probe GS was measured at eccentricities ranging from zero to five degrees. Fig. 2 plots the detection threshold as a function of probe eccentricity (scaled in k units) under symmetry, asymmetry, and noncue (control) conditions. We first examined the fovea, which is an area with a small eccentricity of less than one degree (4k). Based on the previous findings, we expected conventional Polat-Sagi type long-range interaction in this range. Different cue-probe distances were tested, ranging from zero (superimposed) to two degrees (8k). The thresholds were flat under the non-cue ( condition compared with the baseline (non-cue condition) with a magnitude of 0.13 ± 0.003 logarithmic units (four observers, mean ± standard error, paired t-test, t = 5.94, df = 62, p < 0.0001). The threshold also decreased under the asymmetry condition at this eccentricity with a magnitude of 0.08 ± 0.004 log units (four observers, paired t-test, t = 3.53, df = 62, p < 0.0003). Although there was a slight difference between the symmetry and asymmetry conditions, both exhibited facilitation with a similar cue-probe distance. Considering the effective range (distance) of facilitation as well as its magnitude, it seems that facilitation is compatible with conventional lateral interaction (Adini et al., 1997; Polat & Sagi, 1993; Tanaka & Sagi, 1998a) . Note that when the cue and probe were superimposed under the symmetry condition, the threshold was elevated by 0.10 ± 0.01 log units compared with the non-cue condition (suppression, four observers, paired t-test, t = 4.73, df = 15, p < 0.04). This was due to contrast masking because the cue could serve as a high-contrast pedestal (Legge & Foley, 1980; Nachmias & Sansbury, 1974) . When the probes had large eccentricity and they were located outside the fovea, the thresholds revealed rather different characteristics. Here, the eccentricity of the probes ranged from one (4k) to five degrees (20k) where the cueprobe distance ranged from two to 10 degrees. The threshold under the non-cue condition started to increase in a log-log linear manner as the probe eccentricity increased. This linear increase can be accounted for by the cortical magnification factor (Levi, Klein, & Aitsebaomo, 1985; Rovamo & Virsu, 1979) . The threshold under the asymmetry condition exhibited similar linearity, yielding no statistical differences from the non-cue condition (differences: 0.02 ± 0.03 log units, paired t-test, t = 4.32, df = 78, p > 0.17). The threshold significantly decreased under the symmetry condition compared with the non-cue condition with a magnitude of 0.16 ± 0.03 log units (averaged over four observers, paired t-test, t = 8.83, df = 78, p < 0.001). It seems facilitation was further extended toward eccentricity due to the symmetrical configuration, resulting in a shallower curve. However, it was unclear how much the conventional Polat-Sagi interaction contributed to this facilitation and how much the symmetry configuration did. In order to illustrate the net effect of facilitation using the cue GS, data have been re-plotted in Fig. 3 relative to control (non-cue) threshold. The normalized threshold under the symmetry condition revealed facilitation at eccentricities larger than one k (cue-probe distance of 2k), as previously described. Facilitation was constant at probe eccentricities larger than 4k, extending up to 20k (five degrees of visual angle) under the symmetry condition. The conventional interaction range was within 6k (Polat & Sagi, 1993) . Facilitation under the asymmetry condition was limited with probe eccentricities of less than 4k (cue-probe distance of 6k), and no facilitation was found at larger eccentricities. The difference between symmetry and asymmetry conditions ensured that facilitation was specific to the symmetry configuration. The data were re-plotted as a function of the distance between the cue and probe (Fig. 4) to dissociate Polat-Sagi interaction from symmetrical interaction. Here, the thresholds under the non-cue condition were plotted according to the same eccentricity as under the asymmetry condition to directly compare them where only Polat-Sagi interaction was assumed. Data where the cue and probe overlapped under the symmetry condition were removed for the sake of clarity. All four observers had significant threshold reductions within two degrees of the cue-probe distance under the asymmetry condition. A similar amount of facilitation was apparent under the symmetry condition within the same cue-probe distance range. Facilitation disappeared under the asymmetry condition when the cue-probe distance was more than two degrees, whereas facilitation was still apparent under the symmetry condition. This became more prominent with distance. The greater the distance, the more facilitation, yielding a shallower slope. The slopes were approximated in applying exponential curves to averaged data from each observer in Fig. 4 , yielding y = 0.788 exp (0.0106x) (R 2 = 0.9443), y = 0.866 exp (0.0213x) (R 2 = 0.9547), and y = 0.771 exp (0.0282x) (R 2 = 0.9535), for the symmetry, asymmetry, and control conditions, respectively (Fig. 5 ). These results demonstrate a different type of interaction apparent in the periphery with the symmetry configuration, which is qualitatively different from Polat-Sagi interaction. The facilitation extended up to 10 degrees of the cue-probe distance.
The spatial tuning properties of symmetrical interaction were further evaluated for one subject (YT). The cue GS was positioned either (1) exactly in the mirror symmetrical location, or (2) in neighborhood locations adjacent to the symmetrical locus. For instance, the probe was positioned at 2k eccentricity and the cue was positioned either at 2k eccentricity (cue-probe distance 4k) on the opposite side or deviated right or left from the symmetry locus. Fig. 6a plots such tuning functions with probe eccentricities of 2k (squares), 6k (diamonds), or 12k (triangles) as a function of cue-probe distance. Fig. 6b plots the normalized threshold compared with the control (non-cue condition). Facilitation was maximal with the cue presented at the locus exactly symmetrical to the probe with magnitudes of 0.13 ± 0.01, 0.17 ± 0.02, and 0.22 ± 0.03 log units for respective probe eccentricities of 2, 6, and 12k. This means exact tuning to the symmetry locus. Facilitation reduced significantly when the cue position slightly deviated to the left or right from each symmetry locus, and disappeared with larger deviations of more than 4k (one degree) across the tested eccentricities from each symmetry locus (Fig. 6b) , except for the short interaction with 2k eccentricity. Since the cue-probe distance was relatively small here, the Polat-Sagi interaction was included, particularly when the cue-probe distance was less than 4k (Fig. 6b) . This demonstrates that facilitation is sharply tuned to the symmetrical region in the horizontal direction. The bandwidth of facilitation was estimated by measuring the half-width half-height (HWHH) of each ''dip'' function by eye. The estimated HWHH was ±0.44, ±0.5, and ±0.69 degrees (±1.75, ±2.0, and ±2.75k) from the symmetry locus for respective probe eccentricities of 2, 6, and 12k. The monotonic increase in the bandwidth toward the periphery can be explained by the cortical magnification factor (Levi et al., 1985; Rovamo & Virsu, 1979) . Facilitation was also evaluated in the vertical direction by shifting the cue position either upward or downward from the symmetrical locus. Facilitation was narrowly tuned to the horizontal direction as well. Maximal facilitation was found when the cue was positioned exactly on the horizontal axis with magnitudes of 0.08 ± 0.005, 0.16 ± 0.02, 0.11 ± 0.02, and 0.13 ± 0.01 log-units for the four tested probe eccentricities of 2, 6, 8, and 12k, respectively ( Fig. 6c and d ). Facilitation disappeared with vertical deviations of more than 0.25 degree (1k) in all eccentricities. The estimated bandwidth for the vertical direction (HWHH) was ±3.78, ±4.5, ±7.5, and ±6 arcmin (±0.25, ±0.3, ±0.5, and ±0.4k) for respective probe (cue) eccentricities of 2, 6, 8, and 12k. Thus, the bandwidth was rather constant along the vertical direction across eccentricities, which is not consistent with the cortical magnification factor. The results indicate that the bandwidth in the vertical direction is approximately one-seventh that in the horizontal direction, demonstrating that tuning along the vertical direction is sharper than that along the horizontal direction. The anisotropy of the horizontal and vertical directions will be explained in the discussion. The highly tuned characteristics of facilitation both in the horizontal and vertical directions indicate that symmetrical interaction is limited by the retinotopic coordinate. As the size of the filter (i.e., HWHH) was comparable to the receptive field size in monkey V1 (less than half a degree), the results suggest that interaction occurs at its early stages of visual processing.
Orientation specificity
Previous studies on long-range interaction have indicated that interaction is specific to orientation, i.e., optimally tuned to co-axial and co-oriented configurations, which are collinear configurations (Polat & Sagi, 1993; Polat & Sagi, 1994a) . Using a selective phase randomization method (Victor & Conte, 1996) , Dakin and Hess (1997) found that information orthogonal to the symmetry axis more resistant to intrusion to noise than parallel to the axis. Similarly, Rainville and Kingdom (2000) found orientation dependency of mirror symmetry using a phase jittering method. These results suggest that orientation filtering is related to symmetry detection. Here, orientation specificity was examined using different cue orientations in terms of symmetry interaction. Fig. 7a and b plot the threshold elevation functions from two observers over various eccentricities with an orthogonal configuration where the orientation of the cue was vertical and that of the probe was horizontal (Fig. 1) . As the cue and probe eccentricities were identical, the symmetrical structure was constant. Facilitation disappeared with the orthogonal (cue = 90, probe = 0 degrees) configuration at eccentricities larger than zero [cue-probe no overlapped conditions, two observers, À0.02 ± 0.03 log-units (paired t-test, t = 1.54, df = 63, n.s.)]. When the cue and probe were superimposed (eccentricity = 0), there was facilitation with a magnitude of 0.11 ± 0.005 (p < 0.001, t = 1.83, df = 7, paired t-test) log units for YT due possibly to overlap of the receptive field (Tanaka & Sagi, 2000; Fig. 3 were averaged across observers and approximated based on exponential functions for symmetry (continuous line), asymmetry (bold dotted line), and control (fine dotted line) conditions. It is apparent that the slope of the symmetry conditions is significantly shallower than the rest. Details are provided in text. Zenger & Sagi, 1996) . The results indicate that symmetry interaction is orientation specific. To further characterize the nature of orientation selectivity, tuning properties were evaluated by testing various orientations ranging from 0 to 90 degrees. The probe eccentricity was fixed at 6k. The cue-probe distance was 12k where no PolatSagi type interaction was assumed. Fig. 7c shows that facilitation significantly decreased to half with a cue-probe difference of approximately 30 degrees (HWHH), and asymptotes toward zero with cue-probe differences of more than 45 degrees (À0.04 ± 0.03 log units, paired t-test, t = 1.89, df = 7, n.s.). This demonstrates the tuning characteristics of symmetry facilitation in terms of orientation. The magnitude of the orientation bandwidth roughly matches that of neurons in the primary cortex of monkeys (Shapley, Hawken, & Ringach, 2003) . We tested the symmetrical structure with cue-probe orientation pairs of 0-0 (collinear), 45-45 (diagonal-parallel), 90-90 (vertical-parallel) , and 135-45 (diagonal-orthogonal) degrees (Pavlovskaya et al., 1997; Polat & Sagi, 1994a) to evaluate the dependence on global architecture. The cue-probe distance was also 12k where no Polat-Sagi interaction was assumed. Fig. 7d shows significant facilitation with the collinear configuration [0-0 degrees, 0.16 ± 0.01 log units, t = 9.51, df = 11, p < 0.01, paired t-test, three observers]. Facilitation reduced with diagonal-parallel [45-45 degrees: 0.011 ± 0.02 (t = 2.59, df = 11, p < 0.05) log units, three observers], and with vertical-parallel configurations (90-90 degrees: 0.07 ± 0.02, t = 2.92, df = 11, p < 0.05, log units, two observers). Facilitation disappeared with the 45-135 degrees configuration [0.04 ± 0.02 log units, t = 1.27, df = 11, n.s., three observers]. The singularity of the collinear configuration is consistent with conventional long-range interaction tested using three GSs (Polat & Sagi, 1993; Polat & Sagi, 1994a) and a GS pair (Pavlovskaya et al., 1997) . In terms of the axis of symmetry, the results are in accordance with the previous results where mirror symmetry was computed over a direction perpendicular to the symmetry axis (vertical meridian; Dakin & Watt, 1994; Rainville & Kingdom, 2000) . We found orientation specificity in the symmetrical connection had identical characteristics to conventional Polat-Sagi interaction although the cue-probe distance in the symmetry interaction was significantly larger (12k). It is possible for Polat-Sagi interaction and symmetrical interaction to share the same mechanism for orientation selectivity, most probably occurring in V1. This again suggests that symmetrical detection should be achieved at a relatively low level in the visual-processing stream.
Phase selectivity
Hess and found differences between central and peripheral vision in the contour-linking process demonstrated by improved path detection using Gabor microelements. The contour-linking process was resistant to different orientation angles of less than 20 degrees in the fovea (Field et al., 1993) as well as in the periphery when two Gabor elements were in phase (phase angle = 0 degree; . However, no linking processes were found with paths consisting of out-of-phase Gabor elements (phase angle = 180 degrees) in the periphery . Zenger and Sagi (1996) found phase-insensitive interaction between adjacent GSs in the fovea at flanker distances longer than twice the wavelength, which was confirmed by others (Chen & Tyler, 1999; Solomon et al., 1999; Tanaka & Sagi, 1998a) . We tested whether this fundamental difference between the fovea and periphery held in terms of symmetry interaction. Different phase angles for the cue ranging from 0 to 180 degrees were tested in the fovea (eccentricity = 2k = 0.5 degree) and in the periphery (eccentricity = 12k = three degrees). We found performance was quite different between the fovea and the periphery. Fig. 8a indicates that facilitation in the fovea was prevalent throughout all phase angles although the magnitude was gradually reduced with increasing phase angles (facilitation = 0.11 ± 0.05 log units and three observers). This indicates phase insensitivity in the fovea. Fig. 8b shows that peripheral facilitation was apparent when the cue was in phase. However, facilitation disappeared with cue-probe phase differences of more than 90 degrees (0.05 ± 0.05 log units, paired t-test, t = 0.54, p > 0.25, three observers) and disappeared with opposite phase (0.01 ± 0.05 log units, paired t-test, t = 0.37, p > 0.42, three observers). This indicates that symmetry interaction is more sensitive to phase in the peripheral visual field. The discrepancy in phase modulation in the fovea and in the periphery is consistent with previous studies Hess, Nordby, & Pointer, 1987) , suggesting functional differences between the fovea and the periphery in symmetry interaction.
Axis direction selectivity
Up to here, our results have indicated that the local orientation of GSs modulates symmetrical facilitation. Symmetrical long-range interaction was optimal with the collinear configuration with two horizontally oriented GSs. The symmetry axis (horizontal here) was defined by connecting cue and probe GSs virtually, which is orthogonal to the vertical meridian. Polat and Sagi (1994a) found that long-range interaction using flanking GSs is insensitive to the direction of the axis. We wanted to know if this was the case for symmetrical facilitation. We tested vertical and orthogonal axis directions for this reason. Fig. 9 plots the results from two observers. Collinear configuration was used here. When the cue and probe positions were superimposed (cue-probe distance = 0) both conditions exhibited threshold elevation (suppression) due to contrast masking (0.09 ± 0.02 log units for vertical and 0.06 ± 0.02 log units for diagonal conditions; paired t-test, t = 1.60, p > 0.07, and t = 1.27, p > 0.11, respectively). At small cue-probe distances less than two degrees (8k), both conditions yielded facilitation with magnitudes of 0.09 ± 0.01 (t = 2.49, p < 0.01, paired t-test) and 0.06 ± 0.02 (t = 1.26, p > 0.10, paired t-test) log units, respectively, consistent with conventional lateral interaction (Adini et al., 1997; Polat & Sagi, 1994a) . Facilitation disappeared at cue-probe distances larger than two degrees under both conditions. The respective threshold differences were Cue-probe distance (degrees) 8 4 2 Fig. 9 . Axis symmetry specificity. Results from horizontal (triangle), vertical (diamond), and diagonal (circle) symmetries (observers: YT and TF). The Polat-Sagi interaction was prevalent for all directions at cueprobe distances less than 2 degrees. Yet, bilateral facilitation was found only in the horizontal direction. Thus, symmetrical facilitation was specific to horizontal direction across vertical meridian.
0.002 ± 0.02 (t = 0.06, p > 0.47, paired t-test) and À0.05 ± 0.01 (t = 1.62, p > 0.06, paired t-test) log units. These results indicate that there is only long-range symmetry facilitation in peripheral regions toward the horizontal (right-left) direction, but not toward other directions. This demonstrates that long-range symmetrical interaction is axis-direction specific, i.e., in the right-left horizontal direction.
General discussion
We found bilateral long-range interaction using two GSs located at the mirror symmetrical locus in the right and left visual fields. Here, we discuss the significance of our findings from several different viewpoints.
Mirror symmetry interaction and Polat-Sagi interaction
One striking aspect of our findings was that the range of interaction was quite large. The interaction extended up to 10 degrees in the right-left peripheral direction without any mediated objects. This is approximately one order of magnitude larger than Polat-Sagi interaction (Polat & Sagi, 1993) . Note that in Levi, Hariharan, and Klein (2002) , one subject had collinear facilitation with 15 degrees of periphery and another had the same facilitation with sixdegrees using Gabor chain masking to an E-shaped target, which is similar to the findings by Adini et al. (1997) . In this case, there were mediating Gabor signals in between to make a chain connection. We attempted to dissociate the conventional Polat-Sagi interaction from symmetrical interaction. The interaction found here was specific to a bilateral symmetry configuration, and the critical parameter was eccentricity, i.e., the distance from the central fixation. The new interaction was only found in the symmetrical structure in the periphery. In a different line of research, we conducted a prism adaptation experiment to test if learning on one side (i.e., right) of the visual field could be transferred to the other side (Tanaka, Miyauchi, Misaki, & Tashiro, 2007) . The perceptual learning of long-range interaction was induced using the Gabor lateral masking paradigm (Polat & Sagi, 1993) . After a few days of adapting to reversed images, learning transferred to the other side at the mirror symmetrical locus. This demonstrates that the symmetrical transfer of neuronal activities in V1 (Sugita, 1996) plays a functional role in the perceptual transfer of learning. The symmetrical long-range connection we found here was consistent with the results. Transfer might be achieved by means of the symmetrical connection across the vertical meridian after the left and right symmetrical areas were activated simultaneously with reversing prisms (see discussion below in Section 4.2).
The second aspect of significance was its global anisotropy. Symmetrical interaction was specific to the direction of the global axis, i.e., the horizontal direction. Facilitation disappeared with the diagonal as well as the vertical directions. No such specificity in terms of axis direction was found in the Polat-Sagi interaction (i.e. Polat & Sagi, 1994a) . The anisotropy may be due to the structural difference in visual orientation in the visual system, which was found by both Dakin and Watt (1994) and Dakin and Herbert (1998) , although anisotropy extended vertically in the latter case, but not horizontally, as demonstrated here. Anatomical neuronal connection between two cortical fields that travels across the right and left visual cortices is one candidate to connect the left and right visual fields (see below). In contrast, no such anatomical connection was found across the vertical direction between the upper and lower parts of the visual cortex. This neuronal model could account for the results presented here, but not for the former case. We will discuss the mechanism responsible in detail in Section 4.2.
The third aspect is phase modulation. Previous studies have indicated that lateral interaction in the fovea is not sensitive to phase (Chen & Tyler, 1999; Solomon et al., 1999; Tanaka & Sagi, 1998a; Zenger & Sagi, 1996) . This was also true for our symmetrical interaction in the fovea. As symmetrical facilitation in the periphery was limited within 90 degrees of phase shift, it was sensitive to phase. This phase selectivity in the periphery is consistent with Dakin and Hess (1997) findings in which they claim there is a fundamental difference between the fovea and periphery in terms of the contour-linking process advocated by Field et al. (1993) . The difference in phase modulation also points to different mechanisms involved in the long-range interactions found here and in previous studies. It is interesting to compare the phase modulation found here and that of Osorio (1996) in which Gabor filters were used to model symmetry. He found that symmetrical filtering signals maximal with the same phase, which disappears with 90/270 degree phase shift, which is consistent with our results. It seems that phase insensitivity is a characteristic of Polat-Sagi interaction in the fovea, while phase sensitivity is characteristic of symmetry interaction in the periphery.
In the literature, the visual periphery has been of great interest among many vision scientists for decades (Barrett et al., 1999; Bennett & Banks, 1991; Hess et al., 1987; Levi et al., 1985; Westheimer, 1982) . Since the long-range interaction found here extends from the fovea (one to two degrees of eccentricity) toward the periphery (up to the five degrees tested), we consider there is a relationship between bilateral (mirror) symmetry interaction and peripheral vision. The threshold elevation in the periphery can generally be explained by the cortical magnification factor (CMF) (Levi et al., 1985; Rovamo & Virsu, 1979) . However, symmetrical facilitation cannot be accounted for by the scaling factor alone (Barrett et al., 1999; Tyler & Hardage, 1995) . The reason lies in the anisotropy between the horizontal and vertical directions (Dakin & Herbert, 1998; Dakin & Watt, 1994) . The tuning properties found here were significantly different between the vertical and horizontal directions with the vertical direction being approximately one-eighth that of the horizontal one. Previous studies on the CMF did not assume such anisotropy across directions (i.e., Levi et al., 1985 , Levi, McGraw, & Klein, 2000 Rovamo & Virsu, 1979) . Furthermore, most observers in our experiments under the symmetry condition had a shallower distance vs. sensitivity slope than under the asymmetry condition, as was described in Fig. 4 , which is inconsistent with scaling theory. Considering the different phase modulations as well as characteristics different to the scaling factor, we contend that there is a functional difference between the fovea and periphery in terms of symmetry detection (Bennett & Banks, 1991; Levi et al., 2000 Levi et al., , 2002 . The question now is: ''What is the underlying mechanism responsible for such interactions?''
Mechanism for symmetrical long-range interaction
One possible model that can account for symmetrical facilitation is the so-called probability summation model that integrates spatial input over large visual areas, where output from a discrete spatial region is summed up and integrated using a linear filter. Our results seem to go against this model for a number of reasons. First, detection facilitation was found with a symmetry configuration, whereas no facilitation was found with an asymmetry configuration when the cue was slightly deviated either in the vertical or horizontal direction. The different results based on such small displacement cannot be accounted for by probability summation because the summation model assumes signals are integrated, irrespective of the symmetrical structure, within a certain region (Bonneh & Sagi, 1998) . Second, our results indicate that facilitation is limited with the horizontal symmetrical configuration and no facilitation was found with a vertically or diagonally symmetrical configuration. This cannot be accounted for by the linear probability summation model which assumes a circular structure for the receptive field without any anisotropy in terms of the direction of the axis. Third, there was a difference in phase modulation between the fovea and the periphery. Phase sensitivity is expected with linear probability summation within the integration area irrespective of the fovea or periphery. It is unlikely that probability summation can account for these results due to these reasons.
The second model that may explain extended symmetrical interaction is the cascade connection model of lateral interaction using multiple cortical filters (Adini et al., 1997; Levi et al., 2002; Polat & Sagi, 1994b) . Multiple lateral interactions are successively connected in this model (so-called ''chain'' lateral interactions) to accomplish a wide range of interactions; therefore, a long-range interaction would pass stepwise through a multi-synaptic cascade of connections to the other side of the visual field. However, our results indicate that connections are limited in regions on the opposite side of the visual field, which is extremely distant (40k = 10 degrees) and at the same time highly tuned to the symmetrical locus. This cannot be explained by the chain connection model because the chain lateral interaction would be able to produce facilitation even with asymmetrical stimulation when cue and probe are aligned to the same axis. Furthermore, chain lateral interaction was assumed to be phase-invariant (Solomon et al., 1999; Tanaka & Sagi, 1998a; Zenger & Sagi, 1996) , whereas symmetrical interaction was found to be phasesensitive. Therefore, it seems unlikely that stepwise ''chain'' lateral interaction is responsible for distant symmetrical facilitation.
The third model is a direct-connection model between the cortical filters located symmetrically in peripheral regions. If there are neural communications between two distant filters at the symmetry loci located across the right and left visual fields, and if the filters exhibit low-level features such as orientation selectivity and phase sensitivity, such conditions suffice to explain the results (Herbert & Hanphery, 1996) . Mirror symmetrical structures were found to be easier to detect than non-symmetrical ones (Barlow & Reeves, 1979; Bonneh, Reisfeld, & Yeshurun, 1994; Dakin & Watt, 1994; Tyler & Hardage, 1995) . It has been reported that there is no direct commissural connection in V1 between areas at distances of less than approximately one degree of eccentricity (Clarke & Miklossy, 1990; Horton & Hoyt, 1991; Van Essen, Newsome, & Bixby, 1982) . Therefore, our results strongly suggest the direct connection between the right and left hemispheres, probably in V2 and/or V3, may be responsible for symmetrical facilitation. It has recently been found that there is an anatomical connection between two visual fields across the corpus callosum in visual areas across V3 and V4 in humans (Dougherty, Ben-Shachar, Bammer, Brewer, & Wandell, 2005) outside the fovea. Abel, O'Brien, and Olavarria (2000) found that there is a mirror symmetrical connection pattern with respect to visual field loci between callosal fibers in monkey V2. In considering such connections, it is possible to assume symmetrical longrange interactions between distant peripheral areas. It is important to point out here the critical role of V1 in symmetry interaction based on our findings of orientation and phase specificities. The interplay between bottom-up and top-down processing streams between V1, V2, and V3 seems critical for symmetry processing (Lee, Mumford, Romero, & Lamme, 1998) . In future research, we would like to find out whether there are such long-range connections between the right and left visual hemispheres in the human visual area. Indeed, recent neurophysiological evidence in human visual cortex suggests that is the case (Sasaki, Vanduffel, Knutsen, Tylor, & Tootell, 2005; Tyler et al., 2005) , which seems to be also true with the auditory cortex (Formisano et al., 2003) .
Conclusion
In conclusion, we demonstrated bilateral long-range interaction across the vertical meridian using two mirrorsymmetrically configured GSs. The range of interaction extended up to 10 degrees of visual angle as tested. Since the interaction was only found to be specific to a bilateral symmetry, and only found along the horizontal direction, we contend that this is a new type of long-range interaction which is qualitatively different from that previously described (Polat & Sagi, 1993) . We suggest that such interactions can be achieved with a low-level functional architecture that communicates bilaterally between the right and left visual cortices through the corpus callosum. However, the exact neural mechanism responsible for the interaction is yet to be identified, and further research is necessary to clarify this.
